INTRODUCTION {#SEC1}
============

When annotating functional RNAs, including secondary structure information can improve the accuracy of the alignments. Moreover, using secondary structure information becomes crucial when aligning two RNA sequences with sequence identity \<60% ([@B1]). The dot-bracket notation represents the most common encoding for the RNA secondary structure. This notation uses a three characters alphabet encoding for unpaired base '.', an open '(' and a closed ')' base pair. Considering its simplicity, the dot-bracket notation is not very informative. Indeed, direct information about the structural context of the nucleotide is not stored into the encoding and *ad hoc* post-processing procedures are required to extract it. Due to the low informative power of dot-bracket notation, the most generally used approaches rely on shifting from the dot-bracket notation to tree-based encodings ([@B2],[@B3]), motif description ([@B4],[@B5]) or covariance models ([@B6]). Unfortunately, using these more informative data structures leads to higher computational complexity, making these approaches computationally expensive when aligning a large number of RNAs. Recently, we introduced a novel encoding, called BEAR, which allows storing secondary structure information into a string of characters ([@B7]). Each character of the encoding stores the information about the type and length of the secondary structure elements the nucleotide belongs to (e.g. a set of characters is used to describe stems, and stems of different length are assigned different characters). Moreover, exploiting this powerful yet simple encoding, we computed a substitution matrix of secondary structure elements called MBR (Matrix of Bear-encoded RNAs) that captures transition rates between secondary structures of functionally related RNAs ([@B7]). Given a string encoding of the secondary structure and a substitution matrix for the string characters, it becomes natural to apply classic string alignment algorithms to solve the problem of fast and accurate pairwise RNA secondary structure global and local comparison. In our previous work ([@B7]), we showed as a proof of concept that a simple variant of a global sequence alignment algorithm able to take as input the BEAR encoding of two RNAs, and using the MBR to guide the alignment, was able to provide good alignment accuracy in a very short computational time.

Here, we present a web server able to compute RNA sequence and structure alignments using dynamic programming, with lower computational complexity than any other state-of-the-art structural aligner, with equal or better accuracy. Compared to the prototype described in ([@B7]), the web-server utilizes an improved implementation where parameters where optimized, the algorithm was extended also to local alignments, and the statistical significance of each alignment was computed over background distributions. Moreover, the graphical depiction of the output alignments can help the user in assessing the structurally similar regions. As such, the presented web-server provides a useful tool filling a gap for the structural analysis of RNAs. Other web-server methods are based on simultaneous alignment and folding algorithms ([@B8]--[@B10]). These methods take two RNA primary sequences as input and give as output a *consensus* secondary structure for the two RNAs, which is in other terms their alignment. This approach is not suitable when looking for a specific query structure in a set of target RNAs because the methods will compute their own *consensus* structure that might differ from the original input structure. Nevertheless, the folding and aligning approach is particularly useful for classification purposes. There are also web servers based on tree-based approaches, such as RNAStrAT ([@B2]) that uses a tree representation to encode the two input sequences and to compute the alignments. To assess the quality of our alignments, we used four datasets of curated alignments and secondary structures (described in ([@B7])) showing comparable or better performances than the other available methods but reducing the computational time considerably.

METHODS {#SEC2}
=======

The Web-Beagle server is based on the algorithm for RNA structural alignment presented in our previous work ([@B7]). In particular, a new context-aware representation for RNA secondary structure, called BEAR, is used to encode structural information within a string of characters as long as the primary sequence. The new encoding allows shifting from the dot-bracket encoding, where each nucleotide could only be paired or unpaired, to a more informative representation where each nucleotide is encoded with a character representing the type and length of the structural element it belongs to (loop, internal loop, stem and bulge). Since the encoding can be handled using strings, it is possible to apply dynamic programming algorithms, the same used for amino acids and nucleotides sequence alignments, to perform structural alignments. The alignment procedure is guided by the MBR substitution matrix in conjunction with affine gap costs scoring system. Transition rates in MBR were computed on a dataset of structural alignments of functionally related RNAs as described in ([@B7]). Along with structural information, Web-Beagle takes into account also sequence information during the computation, in the form of a numeric *bonus*, to improve the accuracy of the resulting alignment, especially in unstructured regions. In particular, while filling in the dynamic programming matrix, this sequence *bonus* is added to the MBR score to favor the alignment of identical nucleotides. The user is presented with suggested values for gap opening, extension and sequence *bonus* (the procedure used to compute these parameters is described below). Compared to other approaches to align RNA secondary structure, Web-Beagle shows lower computational complexity (O(*n*^2^)) and higher accuracy (see next section).

Usage of Web-Beagle {#SEC2-1}
-------------------

The server offers three comparison options: (i) Two sets comparison; (ii) One set comparison; (iii) Search. With option (i) the server takes as input two sets of RNAs, namely the query and the target sets and compares the RNAs from the query set with the RNAs from the target. The user can choose between the 'All versus All' or 'pairwise' mode. When the 'All versus All' comparison mode is selected, each RNA in the query set will be aligned with all the RNAs in the target set. By contrast, in the 'pairwise' mode the first RNA in the target set will be aligned only to the first RNA in the target set, the second with the second and so on. This option requires the cardinalities of query and target to be equal. In both cases the maximum number of alignments allowed are 10^4^. The 'One set comparison' (ii) allows the user to input a single set of RNAs (maximum 300 RNAs) and obtain all the possible comparisons among those RNAs. Finally, using the 'Search' (iii) option, a single input RNA will be compared with one of the precompiled datasets included in the server, namely Human 3′ UTR, Mouse 3′ UTR, Human lncRNAs, Mouse lncRNAs, Structured Rfam (described in Section 5 of Supplementary Materials). All types of comparison require the input to be formatted using FASTA notation or optionally a modified FASTA including the secondary structure in dot-bracket notation or additionally the BEAR notation. If the structure is not provided, the server will compute the secondary structures on-the-fly using the RNAfold algorithm ([@B11]). The default parameters of RNAfold were used producing the minimum free energy structure for each RNA. The user can specify different parameters: (1) the gap opening value; (2) the gap extension value and (3) the sequence *bonus*. If the global alignment is selected, the Needleman-Wunsch algorithm ([@B12]), modified accordingly to deal with BEAR encoding and sequence *bonus*, would be used to perform the alignments; the Smith-Waterman algorithm ([@B13]), if local. After clicking on the submit button, the server gives in output a loading page reporting the link to the results page and information on the program *status*. Once all the alignments are completed, the user will be redirected to the results page. Alternatively, the user can bookmark the link and access the results at her/his own pace. Each results page reports a table containing all the computed pairwise alignments. Each row of the table contains the two input RNA ids and alignment statistics such as sequence and structural identity and structural similarity percentages. The structural measures were computed using the BEAR alphabet as the fraction of the aligned identical BEAR characters over the total alignment pairs (i.e. structural identity), or the fraction of aligned BEAR character encoding for the same structural element, e.g. two characters belonging to stem alphabet (structural similarity). In addition to alignment statistics (such as alignment score and sequence and structural identity), the output reports for each alignment the associated z-score and p-value. These measures can be useful to assess the statistical significance of the alignment. In particular, we suggest that the z-score should be used as the reference measure. Specifically, alignments with a *z*-score \>3 should be considered significant (see Supplementary Materials, Section 4). The results can also be sorted according to any of the previous parameters. By clicking on a row, the sequence and structure color-coded alignment for that specific pair of RNAs appears along with a color-coded graphical representation of the RNA secondary structures produced using VARNA ([@B14]). The color code helps the user to identify aligned structural ungapped regions between the two RNAs (Figure [1](#F1){ref-type="fig"}). Results can also be exported as static text files. The results page remains available and accessible for two weeks. The website also includes documentation pages with a complete description of the alphabet, the substitution matrix, information on input and output formats, and results of the performance evaluation and the parameters selection.

![An example of the Web-Beagle output page. (**A**) Results page reporting a table containing all the computed pairwise alignments. Each row of the table contains the two input RNA ids and alignment statistics such as sequence and structural identity and similarity percentages. Moreover, *z*-score and p-value for the statistical evaluation of the alignment are displayed. Clickable column headings allow the user to sort the table by one of the parameters. By clicking on a row, the specific alignment for the selected pair of RNAs will be displayed (**B**). A color-coded representation for the alignment will help the user to identify aligned structural regions between the two RNAs. Along with the textual also a color-coded graphical representation will be displayed. Results can be exported as a flat file using the 'download results' button (b1).](gkv489fig1){#F1}

Experimental results {#SEC2-2}
--------------------

The method performances have been tested on the same four datasets of curated pairwise structural alignments of RNAs presented in ([@B7]). In brief, the four datasets (namely BRAliBase, RNAspa, RNA STRAND and RRS) were obtained by merging together structural and alignment information from different curated databases ([@B1],[@B15]--[@B18]). The different level of sequence identity in the pairwise alignments and the many classes of non-coding RNA represented in the datasets assure a good level of variability reducing the possibility of biased results. Moreover, the secondary structures are not derived from *consensus* secondary structures, therefore there is not perfect agreement among the aligned structures. In ([@B7]) we showed that these reference datasets contain alignments of pairs of RNAs often different in terms of sequence identity and length (Supplementary Table S1). We used these alignments as reference to assess the performances of our method using the SPS (Sum of PairS) score ([@B1]). SPS is defined as the fraction of aligned nucleotides in the reference alignment that are correctly aligned (Supplementary Materials, Section 3). Firstly, we computed the best parameters for gap opening, gap extension and sequence *bonus* by running an exhaustive search on the datasets. In particular, we run the algorithm several times on each dataset using different sets of parameters. The goal was to find a common set of parameters that can be used independently from the characteristics of the input RNAs. By comparing all the results together we identified a generic set of parameters maximising the accuracy across the datasets. Note that each dataset was used independently (i.e. the best set of parameters computed on one dataset was then tested on all the other ones), and that the datasets are non-redundant, in order to avoid over-fitting (Supplementary Material, Section 2). We compared the performances of our method with those obtained using other state-of-the-art tools, namely LocARNA ([@B19]), gardenia ([@B3]), RNAStrAT ([@B2]), RNAdistance ([@B11]), RNAforester ([@B20]) and with those from the sequence-only Needleman-Wunsch algorithm (using the *needle* implementation in the Emboss package) ([@B21]). Our method shows a better overall accuracy than other state-of-the-art methods especially when the sequence identity between the input RNAs is \<65% (Supplementary Table S1). Additionally, Web-Beagle has lower computational complexity and running time than the other methods. As an additional test, we decided to test the performances of the methods on the same datasets but using the predicted secondary structures obtained using RNAfold ([@B11]) (Supplementary Table S2). As expected, all methods are less accurate (except for *needle* that does not use structural information), and we found a positive correlation between the accuracy of the predicted secondary structure and the alignment quality. LocARNA offers the best overall performances in this case, since it does not use the provided structures but recomputes them while aligning. Nevertheless, Web-Beagle performances are not far from those of LocARNA and better than any other method and still maintaining lower computational time (Supplementary Table S3).

SUMMARY {#SEC3}
=======

Web-Beagle is a versatile web server for the alignment of RNA secondary structures. It offers three different comparison strategies making it suitable for a wide range of analysis types. The basic usage would be finding the structurally conserved regions in two functionally related RNAs, which could be associated to the RNAs biological roles. Moreover, it can be used for the comparison of the RNAs detected in CLIP experiments ([@B22]) looking for common structures implied in the recognition. The web server could also be beneficial for the annotation of new ncRNAs using two different strategies. The ncRNAs can be compared with a precompiled datasets of RNAs looking for common substructures. Alternatively, the ncRNAs could be compared among themselves and then clustered using unsupervised learning methods in order to find new classes of homology. The analysis on four datasets of curated pairwise alignments shows that the server outperforms in computational time and performances the other state-of-art methods. In addition to structural alignments, the server produces a user-friendly representation of the alignments helping users in identifying structural similarities among RNAs. Given the reduced computational time, the server is particularly suitable for annotation analysis and large-scale comparisons. Despite the fact that better performances are obtained using reliable secondary structures, the server still performs well on predicted secondary structures. Moreover, a tool for the accurate comparison of RNA secondary structure will probably become more useful and crucial also thanks to the new experimental techniques for the identification of RNA secondary structure at transcriptome resolution ([@B23]), that will make available more (and more reliable) structural data.

AVAILABILITY {#SEC4}
============

Web-Beagle is available at <http://beagle.bio.uniroma2.it>.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv489/-/DC1) are available at NAR Online.
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